The Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) is a large double-stranded DNA virus (approximately 134 kbp) that produces two structurally and functionally distinct virion phenotypes, the occlusion-derived virion (ODV) and the budded virion (BV), during the infection cycle (7, 26) . The ODV is assembled within the nucleus and embedded within large proteinaceous occlusion bodies that are produced in the very late phase of the infection cycle. The ODV is adapted for propagation of infection from animal to animal through oral transmission and infection of the midgut epithelial cells (6, 14, 15, 28, 46, 48) . In contrast to ODV, BV are produced when nucleocapsids bud from the plasma membrane at the cell surface. Thus, the BV is surrounded by a lipid bilayer derived from the plasma membrane (6, 14, 15, 28, 46, 48) . The BV mediates movement of the viral infection from the midgut to other tissues and propagation of the infection from cell to cell within the infected animal. BV enter cells via receptor-mediated endocytosis (48) , while the ODV appear to fuse directly with the plasma membrane at the cell surface (6, 11) .
The entry of enveloped viruses into cells is typically initiated by an interaction between a viral envelope glycoprotein and a host cell receptor. For baculoviruses of the group I NPVs, such as AcMNPV, this function is mediated by the major envelope protein of the BV known as GP64 (10, 46, 48) . AcMNPV also encodes and expresses a baculovirus F protein called Ac23 (23, 36) . In group II NPVs, such as Spodoptera exigua MNPV and Lymantria dispar MNPV, F proteins serve as essential membrane fusion proteins (12, 21, 34-36, 51, 52) and are functional homologs of AcMNPV GP64 (22) . However, the F protein (Ac23) of AcMNPV does not appear to be a functional fusion protein, and unlike F proteins of group II NPVs (21), Ac23 is nonessential and can be deleted from the AcMNPV genome with no substantial effect on virus production or infectivity in insect cell culture (23, 36) . In contrast, GP64 is essential for cell-to-cell transmission of the virus in cell culture and in infected animals (28) . GP64 serves two major roles during virus entry. First, GP64 is involved in host cell receptor binding (8) . Second, GP64 mediates the low-pH-triggered membrane fusion activity necessary for release of the nucleocapsid into the cytosol during entry by endocytosis (2, 16, 25, 27, 37, 47) . The cellular receptor for AcMNPV BV attachment has not yet been identified, although a prior study suggested that a cellular protein may serve as the receptor (50) . In addition, it was reported that baculovirus BV bind to insect cells in a saturable and competitive manner (53) . The most direct data implicating GP64 as a viral attachment protein derive from studies showing that a soluble form of Orgyia pseudotsugata MNPV (OpMNPV) GP64 competes for BV binding (8) . In addition, GP64 expressed transiently in insect cells is sufficient to mediate low-pH-triggered membrane fusion, suggesting that the initial target membrane attachment is provided by GP64 alone (2) . A prior study of GP64 glycosylation reported that when certain glycosylation sites of GP64 were eliminated, virion binding to insect cells was decreased (13) , suggesting that the glycosylation state of GP64 may be a factor in virion binding. Although few anti-GP64 monoclonal antibodies (MAbs) have been reported, several early studies demonstrated that MAbs directed against GP64 were capable of neutralizing the infectivity of BV (10, 15, 40, 47) . However, no anti-GP64 antibodies that inhibit virion attachment to cells have been reported.
To better define the role of GP64 in receptor binding, we produced and characterized a panel of antisera raised against overlapping subdomains of GP64. Eight antisera were produced, and their reactivities with GP64 proteins were examined in neutralization and receptor binding assays. An antiserum against the N-terminal region of GP64, including amino acids 21 to 159, exhibited significant virus neutralization and inhibition of virion binding. We examined this region further by a combination of additional antibody neutralization studies, peptide display and direct virion binding studies, and sitedirected mutagenesis and functional analysis. We identified the region of amino acids 121 to 160 as important, and substitutions at amino acid positions 153 and 156 were shown to substantially reduce virus binding to Sf9 cells, confirming an important role for this N-terminal domain in receptor binding.
MATERIALS AND METHODS
Protein expression and purification. The ectodomain of the mature AcMNPV GP64 protein consists of approximately 462 amino acids. The GP64 ectodomain was subdivided into four partially overlapping subdomains of approximately 140 to 150 amino acids each (the subdomains were designated GP64 Frag1 [residues 21 to 159], GP64 Frag2 [residues 127 to 269], GP64 Frag3 [residues 209 to 352], and GP64 Frag4 [residues 330 to 482]). DNA segments encoding the above GP64 subdomains were PCR amplified from wild-type (wt) AcMNPV DNA by using primers that contained either an NheI site (upstream primer) or a HindIII site (downstream primer). The resulting PCR products were digested with NheI and HindIII, subcloned into the NheI/HindIII sites of a pET28a expression vector (Invitrogen), and used to generate a fusion protein containing an N-terminal six-histidine tag, a T7 epitope tag, and approximately 140 to 150 amino acids of the GP64 subdomain. The resulting plasmids, pET28a-GP64 Frag1, pET28a-GP64 Frag2, pET28a-GP64 Frag3, and pET28a-GP64 Frag4, were confirmed by DNA sequencing. The recombinant plasmids were transformed into Escherichia coli BL21(DE3) (Invitrogen) bacterial cells for protein expression. E. coli BL21(DE3) cells containing plasmids expressing the above GP64 subdomains were grown at 37°C in Luria-Bertani (LB) medium supplemented with 50 g/ml kanamycin and 50 g/ml chloramphenicol to an optical density at 600 nm of 0.5 to 0.7, induced by the addition of IPTG (isopropyl-␤-D-thiogalactopyranoside) to 1 mM, and grown for an additional 3 h before being harvested. Bacterial cultures were pelleted and then lysed by sonication in lysis buffer (phosphate-buffered saline [PBS], pH 7.4, 100 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 5 mM dithiothreitol, and protease inhibitor cocktail [Complete; Roche Applied Science]). Insoluble cell debris was removed by centrifugation. Purification of recombinant proteins was achieved by absorption to nickel-nitrilotriacetic acid resin (Qiagen) as outlined in the manufacturer's instructions. The purity of the recovered affinity-purified recombinant proteins and polypeptides was determined by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie brilliant blue staining (data not shown). Rabbit polyclonal antibodies were generated from the purified proteins by standard protocols (Cocalico Biologicals Inc., Reamstown, PA). The polyclonal antibodies were designated anti-Frag1, anti-Frag2, anti-Frag3, and anti-Frag4, corresponding to the GP64 subdomains in the purified proteins. The immunoglobulin G (IgG) fraction from each antiserum was isolated using protein A agarose (Pharmacia). Antibody titers were determined by Western blotting using GP64 proteins.
Expression and purification of GST fusion proteins. A series of plasmids encoding glutathione S-transferase (GST) fusion proteins was generated by the following methods. First, DNA fragments encoding GP64 amino acids 21 to 65, 48 to 100, 85 to 135, and 121 to 160 were PCR amplified from a wt AcMNPV DNA template. EcoRI and XhoI restriction sites were engineered into the 5Ј and 3Ј ends, respectively, of each PCR product. Each PCR product was then cloned into the EcoRI and XhoI sites of vector pGEX-4T-1 (Amersham Pharmacia Biosciences) to generate a GP64 subdomain fused in-frame with an N-terminal GST tag. The resulting plasmids were transformed into E. coli strain BL21(DE3) (Invitrogen), grown to an optical density at 600 nm of 0.7, and then induced for 3 h at 37°C by adding IPTG to a final concentration of 1 mM. Cells were pelleted and disrupted by sonication in lysis buffer, and then the lysates were cleared by centrifugation and filtered through a 0.45-m filter. The cleared supernatants were incubated with immobilized glutathione agarose (Pierce) overnight at 4°C with rotation. The resins were transferred to a minicolumn, washed five times with ice-cold PBS (pH 7.4), and then eluted with 50 mM Tris-HCl (pH 8.0) containing 10 mM reduced glutathione at room temperature. Excess glutathione was removed by extensive dialysis against PBS (pH 7.4). The purified GST fusions were confirmed with an anti-GST antibody (Immunology Consultants Laboratory, Inc.) and used to generate polyclonal antibodies in guinea pigs (Cocalico Biologicals Inc., Reamstown, PA) according to standard protocols. The resulting antibodies were designated anti-GST (a control), anti-GST-21-65, anti-GST-48-100, anti-GST-85-135, and anti-GST-121-160, with numbers corresponding to the amino acid regions of the GP64 protein.
Neutralization assay. For analysis of antibody neutralization, antibodies were purified from crude antisera with protein A agarose (Pharmacia). A series of antibody dilutions were prepared and used in neutralization experiments such that 0.1 to 60 g of each antibody was incubated with virus in 50-l reaction mixtures containing 10 l of wt AcMNPV BV (1.49 ϫ 10 6 IU/ml). Antibody-virus mixtures were incubated for 2 h at 27°C and then titrated on Sf9 cells to determine the 50% tissue culture infective dose.
For anti-GST-21-65, anti-GST-48-100, anti-GST-85-135, and anti-GST-121-160, neutralization assays were performed as follows. Dilutions of polyclonal antisera (1:1.6, 1:2, 1:2.5, 1:5, and 1:10) in a total volume of 40 l TNMFH (8a) were incubated with 10 l wt AcMNPV BV (1.49 ϫ 10 6 IU/ml) for 2 h at 27°C. For each treatment, three replicates were performed. Titers of the treated virus mixtures were determined by end-point dilution assay as described previously (33, 47) .
Assay of inhibition of neutralization. The assay of inhibition of neutralization measures the ability of GST fusion proteins to block the neutralizing activity of an antibody preparation. Various quantities of GST fusion proteins (10 to 50 g) and anti-GST-121-160 antibody (1.1.6 or 1:2 dilution) were mixed and incubated at 27°C for 2 h. The mixture was adjusted to a final volume of 40 l with TNMFH. Each of the above dilutions was incubated with 10 l wt AcMNPV BV (1.49 ϫ 10 6 IU/ml) for 2 h at 27°C, and the titer of the virus was then determined by end-point dilution assay (33, 47) . ), allowed to attach for 1 h, and then infected with wt or Ac23null AcMNPV BV at a multiplicity of infection (MOI) of 10. At 29 h postinfection (hpi), cells were starved by incubation in 3 ml methionine-free Grace's medium (Invitrogen) for 1 h, followed by the addition of 35 S-EasyTag Express protein labeling mix (1,175.0 Ci/mmol; Perkin-Elmer) to a final concentration of 10 Ci/ml. At 37 hpi, unlabeled methionine was added to a final concentration of 10 mM and cells were incubated at 27°C for an additional 48 h. Virions were purified by centrifugation through a 25% sucrose cushion, and the purified labeled wt or Ac23null virus was titrated by end-point dilution assay.
For the binding inhibition assay, cells were seeded into 24-well plates (Corning Inc.) at 1 ϫ 10 5 cells per well and allowed to attach for 1 h at 27°C. Ten microliters of [ AcMNPV BV (1.53 ϫ 10 9 IU/ml; 7,333.2 cpm/l) was incubated with 100 g purified antibodies (anti-Frag1, anti-Frag2, anti-Frag3, anti-Frag4, or MAb AcV1) separately in a total volume of 40 l PBS (pH 6.2) or with 40 l undiluted rabbit serum or 40 l undiluted anti-Lef11 antiserum (a rabbit polyclonal antibody as a negative control) for 2 h at 27°C. The above antibody-virus mixtures were added to cells and incubated for 5 h at 4°C to permit virus binding. The cell culture medium was then removed, and the cells were rinsed three times with 1 ml PBS at 4°C (pH 6.2). The Sf9 cells were then lysed in 0.5 ml NET buffer (20 mM Tris, 150 mM NaCl, 0.5% deoxycholate, 1.0% Nonidet P-40, 1 mM EDTA, pH 7.5) at 27°C for 15 min, and lysates were added to vials containing 5 ml EcoLume liquid scintillation fluid. The tissue culture plates were rinsed twice with 200 l lysis buffer (1% SDS, 0.2 N NaOH), and lysis buffer rinses were pooled with cell lysates before counting of radioactivity in an LS6500 liquid scintillation counter (Beckman).
Construction of plasmids and baculoviruses encoding constructs containing a GP64 stem region and receptor binding assay. A truncated version of the human vesicular stomatitis virus envelope glycoprotein G (VSV G) was constructed previously (54) . The truncated VSV G construct (G-stem) contains the AcMNPV gp64 promoter and signal peptide, a c-Myc epitope tag (at the N terminus of the mature protein), 42 amino acids (positions 421 to 463) from the VSV G ectodomain, and the predicted transmembrane (TM) domain and cytoplasmic tail domain (CTD) of VSV G. This G-stem construct was inserted into the polyhedrin locus of a gp64null AcMNPV bacmid. Cells stably expressing OpMNPV GP64 (cell line Sf9 Op1D ) (32, 37) were transfected with the bacmid DNA, and the resulting virus was designated vAc/G-stem.
A series of plasmids encoding various portions of the N terminus of the GP64 ectodomain combined with the C-terminal GP64 region were constructed previously (54, 55) (see Fig. 4 ). Sf9 cells were coinfected with the vAc/G-stem virus and each of the following viruses, at a total MOI of 10 (5 infectious Western blot analysis and syncytium formation assays. Western blots were performed as described previously (2, 55) . In brief, 10 l of the cell lysate (approximately 1 ϫ 10 4 cells) was mixed with 10 l of 2ϫ Laemmli buffer (125 mM Tris, 2% SDS, 5% 2-mercaptoethanol, 10% glycerol, 0.001% bromophenol blue, pH 6.8) and heated to 100°C for 5 min prior to analysis by SDS-10% PAGE. Proteins were transferred to Immobilon-P membranes (Millipore) and blocked overnight at 4°C in TBST (25 mM Tris, pH 7.6, 150 mM NaCl, 0.1% Tween 20, 5% powdered milk). Blots were incubated for 1 h at room temperature with one of the following primary antibodies diluted in TBST: AcV5 MAb (which recognizes a linear epitope within AcMNPV GP64) diluted 1:100, anti-cMyc MAb (ATCC CRL-1729; Myc 1-9E10.2) diluted 1:100, anti-His polyclonal antibody (MBL International) diluted 1:4,000, or anti-GST polyclonal antibody (MBL International) diluted 1:1,000. After being washed three times in TBST, blots were incubated with secondary antibodies consisting of alkaline phosphataseconjugated goat anti-mouse, goat anti-rabbit, or goat anti-guinea pig IgG (Promega) at a dilution of 1:10,000. Detection of bound antibody was performed as described earlier (2) .
Syncytium formation assays were performed with the mutant viruses listed in Table 1 . Sf9 cells were infected at an MOI of 10. At 48 hpi, the cell culture medium was removed, replaced with PBS (pH 5.0) for 5 min, exchanged with fresh PBS (pH 6.2), and incubated for 2 h prior to scoring for syncytium formation. For this assay, three or more nuclei in a syncytial mass were scored as a syncytium.
Site-directed mutagenesis and analysis of virion binding. Site-directed mutagenesis was performed as described previously (17) . Briefly, a DNA fragment containing the AcMNPV gp64 promoter and open reading frame was PCR amplified from a wt AcMNPV DNA template as two separate subdomains. Each PCR of the 5Ј fragment was performed with a primer pair that included a forward primer (KpnI gp64-pro forward [5Ј-AA GGTACC CGG CAT GTC GAC TGA GCG T-3Ј] [restriction site is underlined]) and a reverse mutagenic primer. For example, the mutagenic primer for substitution of alanine for phenylalanine at amino acid position 153 was 5Ј-AA GGTCTCN gca CTG CTC ATT AAA GAT GAC AAA AAT AAC C-3Ј (N stands for any nucleotide, lowercase letters identify the alanine codon, and a BsaI recognition sequence is underlined). For PCR of the 3Ј fragment of the target sequence, we used a primer pair that included a forward mutagenic primer (for the Phe-to-Ala substitution at amino acid position 153, the primer was 5Ј-AA GGTCTCN G tgc CGC AGCTTT TAT TTG GCG CGT-3Ј) and a reverse primer (HindIII gp64-TAA reverse [5Ј-GG AAGCTT TTA ATA TTG TCT ATT ACG GTT TC-3Ј]). The two amplified fragments were digested with BsaI, ligated together, digested with KpnI and HindIII, and subcloned into the KpnI and HindIII sites of pFastBac1-lacZ (23) . The resulting plasmid DNA contained the gp64 promoter and the gp64 open reading frame with a specific substitution. All constructs were confirmed by DNA sequencing and then used for transposition into a gp64null AcMNPV genome (gp64 Ϫ bacmid-DH10BϩpMON7124) (22) . Sf9 cells or cells stably expressing OpMNPV GP64 (cell line Sf9 Op1D ) (37) were transfected with DNA of each bacmid construct, and the resulting viruses were harvested from cell supernatants and titrated on Sf9 or Sf9
Op1D cells by end-point dilution assay (33) . For labeling and cell binding assays, virions displaying each substitution mutation construct were labeled and purified as described above. Labeled BV preparations were initially examined and confirmed by SDS-PAGE and PhosphorImager analysis of BV proteins, and the total label incorporated into each BV preparation was determined by liquid scintillation counting. BV preparations of AcMNPVs that displayed substituted GP64 proteins were adjusted such that equal cpm values were added to cells and were incubated for 5 h at 4°C to permit virus binding. Cells were then rinsed and lysed, and lysates were counted as described above.
RESULTS
N-terminal subdomain-specific antibodies neutralize infectivity of AcMNPV BV. To investigate the role of the GP64 glycoprotein in receptor binding, we first generated antisera against several subdomains of GP64. Four overlapping subdomains covering the entire ectodomain of the GP64 protein (Fig. 1, Frag1 to Frag4) were expressed in E. coli and used to generate polyclonal antibodies, designated anti-Frag1, antiFrag2, anti-Frag3, and anti-Frag4. High-antibody titers were observed, as effective dilutions for detection of GP64 ranged from 1:10,000 to 1:20,000 (data not shown). To determine whether the antibodies could reduce or neutralize the infectivity of AcMNPV BV, we performed neutralization assays. BV (1.49 ϫ 10 4 IU) were incubated with various concentrations of each anti-GP64 subdomain antibody preparation, and viral infectivity was then determined by end-point dilution assays. Control antibodies included MAb AcV1, mouse IgG, or an anti-c-Myc antibody. In prior studies, it was demonstrated that the MAb AcV1 effectively neutralized AcMNPV BV infectivity (10, 48, 55) . Therefore, we used AcV1 as a positive control for neutralization. We found that one subdomain antibody, antiFrag1, was able to substantially reduce virus infectivity (Fig. 2) , whereas parallel assays of anti-Frag2, anti-Frag3, and antiFrag4 antibodies did not show similar reductions in titer, even at higher antibody concentrations. Treatment with negative control antibodies, such as mouse IgG and an anti-c-Myc antibody, showed no substantial reduction in BV titer when similarly increasing antibody concentrations were used.
Anti-Frag1 antibodies inhibit binding of Ac23null BV to Sf9 cells. To determine whether neutralization by anti-Frag1 was caused by inhibition of receptor binding, we conducted binding inhibition assays. Effects on virus binding were measured by examining binding of radiolabeled BV in the presence of each subdomain-specific antibody. After treating labeled BV with each antibody preparation and then allowing BV to bind to cells at 4°C, the cells were washed and lysed and the cellassociated label was quantified. First, we used metabolically labeled wt AcMNPV BV in the binding inhibition assay. The results showed no significant reduction in binding when each antisubdomain antibody preparation was compared with the negative control antibodies (AcV1, anti-Lef11 polyclonal antibodies, or rabbit serum) (Fig. 3A) .
Because AcMNPV BV have two envelope proteins (GP64 and Ac23), which may both contribute to virus binding, we used labeled BV from an Ac23null virus (23) in the same assay to eliminate any possible effects from Ac23. When [
35 S]methionine-labeled Ac23null AcMNPV BV (23) were used in the binding inhibition assay, we observed significant reductions in binding after treatment with two of the antibody preparations (Fig. 3B) . Binding of viruses incubated with the anti-Frag1 and anti-Frag2 polyclonal antibodies was reduced to 12 and 23%, respectively, of that for virus incubated with the negative control MAb AcV1 (14,301 cpm). Previous studies of BV attachment to host cells in the presence of AcV1 indicated that AcV1 neutralization does not result from inhibition of BV attachment but rather from a stage after initial viral adsorption (47) . Additional control antibodies used in parallel confirmed that the binding inhibition by the antisubdomain antibodies was specific (Fig. 3B) . These results provide indirect evidence that Virions displaying a truncated GP64 protein bind to Sf9 cells. Antibody neutralization and binding inhibition studies indicated that the GP64 receptor binding domain was located in the N-terminal portion of the GP64 ectodomain. If this was correct, the N-terminal portion of GP64 may be capable of binding independently to receptors on the host cell. Therefore, we asked whether AcMNPV BV expressing only the N-terminal portion of the GP64 ectodomain could bind to Sf9 cells. To generate virions displaying only truncated forms of GP64, we used the strategy outlined below. Although deletion of gp64 (and most truncations of GP64) results in a severe defect in virion budding (32), we recently found that this problem could be overcome by expressing a truncated form of the VSV G protein, a construct that contains only 42 amino acids from the C-terminal portion of the ectodomain plus the TM domain and CTD. This so-called G-stem construct is sufficient to rescue the FIG. 4 . Analysis of Sf9 cell binding by gp64null AcMNPV BV displaying truncated forms of GP64. (A) Strategy for construction of GP64 proteins with C-terminal ectodomain deletions and insertion into a gp64null bacmid. Each construct contains a C-terminal GP64-stem domain and various portions of the GP64 ectodomain, as illustrated. The GP64-stem domain consists of amino acids 461 to 512 from the C terminus of the AcMNPV GP64 protein (22 residues from the predicted GP64 ectodomain, 23 residues from the predicted GP64 TM domain, and the 7-residue CTD). Various portions of the GP64 ectodomain were fused to the GP64-stem such that in the mature protein, the protein construct contained a c-Myc epitope tag and 38 (residues 21 to 58), 66 (residues 21 to 86), 138 (residues 21 to 158), or 274 (residues 21 to 294) amino acids from the N terminus of the GP64 ectodomain. budding defect in a gp64null virus (54) . Therefore, in the current study, we coinfected Sf9 cells with (i) a gp64null virus encoding the VSV G-stem construct (vAc/G-stem) and (ii) a series of gp64null viruses expressing portions of the N terminus of GP64 (Fig. 4A) . Thus, defects in virion budding should be overcome by coexpression of the G-stem construct. We previously found that the selected truncated GP64 constructs were stably expressed and displayed on virions (see Fig. 3D to F in reference 54). After coinfection with vAc/G-stem and each truncated GP64 construct, virions were labeled with [ 35 S]methionine. Labeled virions were purified and used for direct receptor binding assays. In each case, the virions displayed no wt GP64, but only truncated GP64 and the small G-stem construct. As negative and positive controls, we used gp64null virions (generated by coinfection with G-stem viruses and thus displaying G-stem only) and a virus displaying an epitopetagged full-length GP64 construct, respectively. The results from the direct receptor binding studies (Fig. 4B) show that one truncated GP64 construct displaying 274 amino acids from the N terminus of the ectodomain (residues 21 to 294; construct 294-TM-CTD) bound to Sf9 cells in a manner similar to that of the full-length GP64 construct. In contrast, two shorter constructs, displaying 38 and 66 N-terminal amino acids of GP64 (construct 58-TM-CTD and 86-TM-CTD, respectively), bound to cells at much reduced levels, similar to that of the negative control virions displaying only the G-stem construct and no GP64 (Fig. 4B) . These results implicate the N-terminal 274 amino acids (residues 21 to 294) of GP64 as the putative receptor binding region.
Anti-GST-121-160 antibodies neutralize infectivity of AcMNPV BV. Direct binding studies showed that the ectodomain 21-274 region was sufficient to mediate virion binding (Fig. 4B) . In addition, antibodies directed against the region of amino acids 21 to 160 inhibited virion binding (Fig. 3) and infectivity (Fig. 2) . To 1, lower diagram) . Each subdomain was expressed in E. coli as a GST fusion protein, purified using affinity chromatography (Fig.  5A) , and used to generate polyclonal antisera. Using Western blot analysis, we found that the rabbit polyclonal anti-Frag1 antibody preparation and polyclonal anti-GST reacted strongly with each fusion protein ( Fig. 5B and C) , as expected. The purified fusion proteins (GST-21-65, GST-48-100, GST-85-135, and GST-121-160) and a GST control were used to generate antibodies in guinea pigs. Assessment of antibody titers by Western blotting using the GP64 proteins demonstrated relatively high antibody titers, with effective antibody dilutions ranging from 1:5,000 to 1:10,000 (data not shown).
To determine whether the antibodies generated against the small-subdomain GST fusion proteins could reduce virus infectivity, we performed a neutralization assay. Using an antibody dilution of 1:1.6 or 1:2, we found that anti-GST-121-160 antibodies neutralized infectivity, while no significant reduction was detected with anti-GST-21-65, anti-GST-48-100, or anti-GST-85-135 examined at similar dilutions (Fig. 6A) . These antibody dilutions of anti-GST-121-160 reduced the AcMNPV BV titer from approximately 2.08 ϫ 10 6 IU/ml (as observed with the control anti-GST antibodies) to 2.98 ϫ 10 4 or 6.85 ϫ 10 4 IU/ml. To confirm the specificity of the neutralization by the anti-GST-121-160 antibodies, the anti-GST-121-160 antibody preparation was incubated with increasing concentrations of the GST-121-160 protein prior to incubation with virus in an assay of neutralization inhibition. While incubation with increasing concentrations of the specific protein (GST-121-160) resulted in an inhibition of neutralization (Fig. 6B) , incubation with other proteins as negative controls failed to inhibit neutralization by the anti-GST-121-160 antibody preparation (Fig. 6B, GST and GST-85-135 ). These data confirmed that neutralization by anti-GST-121-160 antibodies resulted from recognition of the region of amino acids 121 to 160.
Analysis of single amino acid substitutions in the GP64 region spanning amino acids 121 to 160. Our neutralization studies suggested that the region of the GP64 ectodomain spanning amino acids 121 to 160 may be important for GP64 interactions with the host cell receptor. Therefore, we next generated a series of single amino acid substitutions in a variety of positions in the region spanning amino acids 121 to 160 of a full-length GP64 protein construct. Each construct was used to replace wt GP64 in AcMNPV BV, and we examined BV from each recombinant virus for rescue of AcMNPV infectivity. Selected constructs were then examined for binding to host cells. For GP64 substitution mutations, we either changed the character of the amino acid (e.g., hydrophobic amino acids were replaced with hydrophilic amino acids or vice versa) or used a neutral amino acid (alanine) as a substitute. Many or most residues targeted for site-directed mutagenesis were predicted to be surface exposed (Fig. 7A) . The resulting AcMNPV constructs that contained the GP64 substitution mutations were first assayed for the ability to form viral particles and to amplify infectious virus in Sf9 cells. Some substitution mutations appeared to have little or no effect on critical GP64 functions in binding, entry, or egress: GP64 proteins that contained single amino acid substitutions at positions 120 to 124, 132, 142 to 148, 155, and 157 rescued the gp64null AcMNPV, and the viruses replicated in Sf9 cells to high titers (10 7 to 10 8 IU/ml) ( Fig. 7A ; Table 1 ). These data suggested that those residues are not critical for the function of GP64. In a second group of substitution mutations (region spanning amino acids 149 to 152), the GP64 proteins were able to rescue the gp64null AcMNPV to replicate in Sf9 cells, but replication appeared to be less robust and lower titers were achieved (10 5 to 10 6 IU/ ml). Finally, for substitutions at positions 152 to 154 and 156, we detected no replication in Sf9 cells. For position 152, one GP64 substitution construct (H152V) was able to rescue the gp64null virus (replicating to only moderate to low titers), while another construct (H152A) was not able to rescue the gp64null virus.
Because mutations with more severe effects on virus replication appeared to cluster in the 152-156 region, we examined viruses displaying GP64 with substitution mutations in this region in more detail. Each AcMNPV bacmid DNA with a modified gp64 gene encoding a single amino acid substitution (H152V, H152A, F153A, A154S, H155A, H156V, and H156A) in this region was transfected into Sf9
Op1D cells, which express OpMNPV GP64. Each of these AcMNPV mutants was found to replicate to moderate levels in Sf9
Op1D cells (Table 1 , H152V, H152A, F153A, A154S, H155A, H156V, and H156A mutants). Because most of these constructs were unable to replicate in Sf9 cells yet replicated in Sf9
Op1D cells, these data confirm that the observed defects were due to the substitution in the GP64 protein (Table 1) .
We also asked whether low-pH-triggered membrane fusion was affected by the GP64 amino acid substitutions in the 121-160 region (Table 1) . To address this, Sf9 cells were infected with each of the recombinant viruses and then assayed at 48 hpi for membrane fusion activity by triggering fusion at pH 5.0 and performing a syncytium formation assay after 2 h. wt virus-infected cells readily formed abundant and large syncytia, containing up to 10 nuclei, by 48 hpi. Substitutions at amino acid positions 120 to 124 and 142 to 150 retained Ͼ60% syncytium formation activity compared with wt GP64 (100%). In contrast, syncytium formation was reduced to Ͻ10% from GP64 substitution constructs H152A, F153A, A154S, H156V, and H156A (Table 1) .
We next examined each of these constructs for incorporation of the modified GP64 protein into progeny virions. Each recombinant virus was amplified in Sf9
Op1D cells, and then the resulting BV were used to infect Sf9 cells and progeny virions were labeled with [
35 S]methionine from 15 to 40 hpi. Labeled progeny virions were then purified, and relative BV quantities were examined by PhosphorImager analysis of virion structural protein abundance (32) and confirmed by Western blot analysis (data not shown). All of the modified GP64 proteins were incorporated into progeny BV particles, and BV were produced at levels similar to those from viruses expressing wt GP64 (data not shown).
Amino acid residues 153 and 156 are important for virus binding to Sf9 cells. BV binding to host cells was compared among recombinant viruses displaying GP64 proteins with single amino acid substitutions in the 149-157 region. For these studies, viruses containing GP64 substitutions were amplified Op1D cells (which constitutively express a wt GP64 protein), and virions produced in Sf9
Op1D cells were used to infect Sf9 cells for the production of labeled virions displaying only the substituted GP64 construct. Labeled BV preparations were then bound to Sf9 cells, and the relative levels of BV binding were determined by liquid scintillation counting of cells (as described in Materials and Methods). The most dramatic effects on BV binding were observed for viruses expressing GP64 with single amino acid substitutions at positions 153 and 156. Comparison of relative binding revealed that binding was reduced 70% and 73% for BV displaying GP64 constructs F153A and H156A, respectively (Fig. 7B) . The relative levels of GP64 in those virions showed no substantial differences from that of wt virus by Western blot or immunoprecipitation assays of purified BV (Fig. 7C) . We also observed differences in binding when different amino acids were substituted at the same positions. Compared with wt AcMNPV BV binding, the H156V construct resulted in a 40% decrease in binding, while the H156A construct resulted in a more substantial 73% decrease in binding. In addition, while the H152V construct did not appear to affect binding, the H152A construct yielded an approximately 40% decrease in binding.
To further examine and confirm the effects of point mutations at positions 153 and 156 on virion binding, we also introduced each of the substitutions F153A and H156A into the truncated GP64 construct 294-TM-CTD (Fig. 8A , vAc/294-TM-CTD) and displayed each of these truncated GP64 constructs or BV, in the absence of wt GP64. Binding of each construct to Sf9 cells was examined as described earlier. The recombinant viruses were designated vAc294/F153A and vAc294/H156A (Fig. 8A) . Examination of purified BV by Western blot analysis showed that the BV displayed the truncated GP64 constructs with substitution mutations (Fig. 8A,  lower panel) , and the modified truncated GP64 proteins were found on virions at levels similar to that of the unmodified truncated GP64 construct, 294-TM-CTD, indicating that no (Fig. 8B, lower panel) , which displays the unmodified truncated GP64 protein.
As a negative control, we used BV containing no GP64 protein but instead displaying a stem domain derived from VSV G (virus vAc/G-stem) (54) . BV from a virus (vAc/cMyc-GP64) expressing an epitope-tagged fulllength GP64 protein construct was also included as a positive control, and this positive control bound to Sf9 cells at levels higher that that of the truncated GP64 construct (294-TM-CTD) (Fig. 8B, upper panel) . These results further support prior data for substitution mutations in the full-length GP64 protein and indicate that amino acid residues 153 and 156 are important for receptor binding by GP64.
For these studies, we examined the role of GP64 in receptor binding by a combination of approaches. Antisubdomain antibodies were used to examine (i) neutralization of virion infectivity and (ii) inhibition of virion binding and to map a putative receptor binding domain in the N-terminal region of GP64. To confirm the role of the GP64 N terminus in receptor binding, we displayed truncated forms of GP64 on the virion and examined binding directly. Finally, we used site-directed mutations in both full-length and truncated forms of GP64 to identify specific residues which are important for virion binding.
DISCUSSION
To identify GP64 domains that participate in the interaction of GP64 with the host cell receptor, our approaches included (i) antibody neutralization of infection and inhibition of binding, (ii) display of GP64 domains on virions and analysis of binding, and (iii) mutagenesis and functional analysis of a candidate receptor binding domain. In several prior studies, neutralizing MAbs that recognize GP64 were identified (10, 40, 47, 48) . In the case of the best-studied anti-GP64 MAb, the neutralizing MAb (AcV1) inhibited virus entry, but at a step following virus attachment (10, 47, 48, 55) . In other cases, the mechanism of neutralization was not determined, and those hybridoma lines are no longer available (40) . To examine receptor binding in the current study, we subdivided the GP64 ectodomain into four partially overlapping subdomains (Fig. 1) and generated polyclonal antibodies against these major subdomains. The antibodies were examined for the capacity to neutralize AcMNPV BV infectivity and to inhibit virus binding to host cells. Polyclonal antibodies directed against one of the four subdomains (Frag1; amino acids 21 to 159) strongly neutralized AcMNPV BV infectivity (Fig. 2) . Although the neutralizing efficiency of anti-Frag1 antibodies was similar to that of MAb AcV1, these antibodies recognize different regions of the GP64 ectodomain. We previously mapped the AcV1 epitope to a 24-amino-acid region in the central variable domain of GP64 (amino acids 273 to 294) (55), a region that is included in our current Frag3 subdomain (amino acids 209 to 352). However, anti-Frag3 antibodies did not neutralize infectivity. This may be explained by the fact that the AcV1 MAb recognizes a conformational epitope (55), whereas the antiFrag3 antibodies were generated against a peptide expressed in E. coli and purified under denaturing conditions.
To determine if neutralization by anti-Frag1 antibodies resulted from an inhibition of BV binding, [ 35 S]methionine-labeled BV were preincubated with antibodies and then incubated with Sf9 cells in a binding assay. The initial binding assay performed with labeled wt AcMNPV BV showed no effect of the polyclonal antibodies on BV binding (Fig. 3A) . However, when labeled Ac23null AcMNPV BV were used in the binding assay, anti-Frag1 and anti-Frag2 antibodies both inhibited BV binding (Fig. 3B) . Previous studies showed that Ac23, an F protein homolog, is found in BV envelopes but is not essential and does not appear to mediate membrane fusion (23, 29) . However, because F proteins from baculoviruses of the group II NPVs presumably have an attachment function, we reasoned that Ac23 may retain a receptor binding function. Our observation that these anti-GP64 antibodies inhibited binding of BV from the Ac23null virus but not from wt AcMNPV may suggest that Ac23 retains some cell binding activity. While this is the first study to provide data suggestive of a role for the Ac23 protein in host cell binding, additional, more-detailed studies will be necessary to confirm any possible role for Ac23 in virus binding and to determine what significance, if any, such a function may have in the AcMNPV infection cycle. Any such function would appear to be redundant and nonessential in AcMNPV, since Ac23null AcMNPV replicates to high titers in cell culture and provides a robust infection in larvae of the host Trichoplusia ni (23) . In addition, GP64 alone has been used to pseudotype retroviruses and a paramyxovirus (19, 20, 30, 31, 41, 43) and therefore would clearly not require an additional receptor binding partner to mediate binding and entry.
To more directly examine virion binding and to confirm the role of the GP64 N-terminal domain in virion binding, portions of the GP64 ectodomain were displayed on virus particles and examined for the ability to mediate virus binding to Sf9 cells. We found that a construct containing the N-terminal 274 amino acids of the ectodomain (residues 21 to 294) mediated binding to Sf9 cells, whereas virions displaying smaller portions (38 and 66 amino acids) from the N terminus of the GP64 ectodomain did not efficiently bind to Sf9 cells (Fig. 4B) . These data show directly that the N-terminal region of GP64 mediates binding to Sf9 cells. Combined with antibody neutralization and binding inhibition studies, these data strongly implicate the N terminus as the GP64 receptor binding domain.
Since anti-Frag1 antibodies neutralized infectivity and inhibited binding, we selected the region spanning amino acids 21 to 160 for further investigation. Antibodies were generated against four partially overlapping subdomains of this region, each of which was approximately 40 to 50 amino acids (Fig. 1B) . Only antibodies directed against the 121-160 region of GP64 neutralized infectivity (Fig. 6A ) compared with control anti-GST antibodies or other subdomain-specific antibodies. We also confirmed that neutralization was specific to the 121-160 region of GP64 by using an neutralization-of-inhibition assay (Fig. 6B) . Thus, the effect of the anti-GST-121-160 antibody is indeed specific to the 121-160 region of the GP64 ectodomain.
We next examined individual amino acid positions in the 120-160 region of the GP64 ectodomain, using single amino acid substitutions at 22 selected positions (Fig. 7A) . Full-length GP64 constructs, each containing a single amino acid substi-tution in 1 of the 22 positions, were inserted into a gp64null AcMNPV background such that only the modified GP64 was displayed on progeny virions. The effects of these mutations were examined by (i) determining whether the resulting virus replicated in Sf9 cells, (ii) measuring infectious virus titers for each, (iii) examining membrane fusion mediated by each GP64 construct, and (iv) examining virion binding to Sf9 cells (Table  1 and Fig. 7B) . A large group of substitutions (positions 120 to 124, 132, 142 to 148, 155, and 157) had no substantial effect on virus replication in Sf9 cells and showed robust membrane fusion (Table 1) . A second group (positions 149 to 152) replicated in Sf9 cells but produced lower titers of infectious virus. Fusion activity in this group was generally robust (Ͼ60% of wt fusion), although a substitution at position 151 resulted in less fusion (Ͻ20% of wt fusion). Viruses with a third group of substitutions (positions 152, 153, 154, and 156) were unable to replicate in Sf9 cells, and their fusion activity was very low (Ͻ10% of wt fusion). When viruses displaying proteins containing substitutions in this region (amino acids 149 to 157) were examined in virion binding assays, we found that substitutions at positions 153 and 156 had a substantial negative effect on virion binding to Sf9 cells (Fig. 7B) . Thus, positions 153 and 156 were identified as important in virion binding. To further confirm this result, the same substitutions (F153A and H156A) were generated in the truncated GP64 construct that was previously found to contain the receptor binding domain (Fig. 4A, 294 -TM-CTD), and the negative effects of these substitutions on binding were confirmed (Fig. 8) . Thus, substitution mutations at positions 153 and 156 had a similar effect on virion binding in virions displaying either full-length GP64 or a truncated GP64 construct that contains the N-terminal receptor binding domain.
In the current study, we identified a portion of the N terminus of GP64 that is important for virion binding to host cells, thus implicating the N terminus of GP64 as the putative receptor binding domain. The identification of the receptor binding domain near the N terminus of the GP64 protein is not necessarily unexpected, since a number of well-studied viral envelope proteins (influenza virus hemagglutinin [HA], human immunodeficiency virus gp120, and coronavirus spike protein) contain receptor binding domains near their N termini. One of the best-studied virus-receptor interactions is the influenza virus HA protein and its interactions with sialic acid, the cellular receptor. In the case of HA, some single amino acid substitution mutations at or near the primary receptor binding pocket have little effect on virion binding to erythrocytes. Only three amino acid substitutions (at positions 98, 183, and 194) are known to abolish erythrocyte binding (44) . HA also contains a second sialic acid binding site, located in the interface between monomers of the HA trimer, and that site dissociates upon exposure to low pH and conformational change. It is unclear whether the second binding site plays any significant role in the virus infection cycle. In the case of the two amino acid positions identified in the GP64 protein, substitutions resulted in reduced binding, but binding was not eliminated. Thus, it is unlikely that these changes completely removed the binding capacity of GP64. Indeed, binding by GP64 may be complex, and it is possible that the effects of these amino acid substitutions could be either direct (involving direct contacts between GP64 and the cellular ligand) or indirect (perhaps affecting conformational changes necessary for ligand binding at another site).
Although similar in activity and general structural aspects to other membrane fusion proteins that have a receptor binding function, GP64 also has several unusual characteristics. For example, GP64 monomers are disulfide linked to each other in the trimer, and the monomer does not require processing by cleavage for its function. GP64 appears to bind promiscuously to many cell types (3, 42) , and this feature, combined with robust membrane fusion activity (16, 27, (37) (38) (39) , has led to applications of baculoviruses as mammalian transduction vectors (4, 18) . In addition, baculoviruses are being examined as possible gene therapy vectors, and GP64 has been used to pseudotype retrovirus vectors for human gene therapy (1, 5, 9, 19, 24, 43, 45, 49) . Thus, a better understanding of GP64-mediated receptor binding and entry will be important not only for understanding its function in the infection of host insect cells but also for future development of a variety of applications.
